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A contc~rter program PASCO f o r  obta in ing the 
deta i  led dimensions o f  optinwm ( leas t  mass) s t i f f e n e d  
composite s t r ~ ~ c t u r a l  panels i s  described. Design 
requirements i n  terms o f  i n e q u a l i t y  cons t ra in ts  cdn he 
placed on buck l i n g  loads o r  v i b r a t i o n  frequencies, 
lamina stresses and st ra ins,  and overa l l  panel s t i f f -  
ness for  each of many load co.rditions. General panel 
cross sect ions can be treated. I n  an e a v l i e r  paper. 
PASCO was described and studies were presented which 
showed the  importance o f  accounting f o r  an overa l l  
hok-type imperfection when designing a panel--a 
capabi li t y  avai l ab le  i n  PASCO. Since t h a t  paper, 
de ta i led  studies have shown tha t  th?  buck l i cg  analys is  
V I P A S A  i n  PASCO cap be over ly  conservat ive for ?ong- 
wavelength buckl inq when the loddi ng involves shear. 
To a1 l c v i  a te tha t  ~ e f  i ciency . an analys is  procedure 
invo lv ing  a smeared o r tho t rop ic  so lu t ion  was i nves t i -  
gated. Studies are presented tha t  i l l u s t r a t e  the  
conservatism i n  the VIPASA so lu t ion  and the  danger i n  
a smeared or thot ropic  solut ion. PASCO's capabi li t y  t o  
design for thermal loadings i s  a lso  described. D e s i ~ n  
studiss ! l i a s t r a t e  the importance o f  tht? m u l t i p l e  load 
condi t ion capab i l i t y  when thermal loads are present. 
Symbols 
mass index 
X , Y , Z  coordinate axes 
x .y ,z coordinates 
a c o e f f i c i e n t  of thermal expansion 
Y Nxl Nx 
E 
AT change i n  temperature 
A buckl ing half-wavelength 
1 1 1 . ~ 2  P o i s s o n ' s r a t i o s o f c m p o s i t e ~ ~ e r i ~ ~  i n  
coordinate system defined by f i b e r  d i rec t ion ,  
v 2  = u i  E?/Ei 
P densi ty  
o st ress 
Subscripts 
1 f i b e r  direction 
2 normal t o  f i b e r  d i r e c t i o n  
t, planform area of s t i f fened  panel i ic teger  associated w i t h  p l a t e  element i 
R panel width (see f ig .  6 )  In t roduct ion 
E Young's ~nodul us 
e over a1 1 bow i n  panel, measured a t  m i  dlength 
(see f i g .  1) 
'312 shear modulus o f  composite matt. i a l  
coordinate system defined by f i b e r  a , rec t ion  
I moment o f  i ner t i  a 
L panel length (see f i g .  1) 
rn x appl ied bending moment per u n i t  width o f  
panel (see f i g .  1) 
. 
Nx,Ny,Nxj appl ied longi tud ina l  compression, transverse 
compressiun, and shear loading. respect ive ly .  
per u n i t  width o f  panel (see f i g .  1) 
Nu Euler buck l i n g  of panel - buck1 i n g  load f o r  
E X = L 
S area of l ~ n ~ l  c reC> sect ion 
u,v,w buckl ing dtrplacc?nlt.nts 
U MSS of s t i  t ;?ned panel 
The in t roduc t ion  o f  composite mater ia ls  has 
g rea t l y  expanded the  opt ions f o r  obta in ing e f f i c i e n t  
s t r u c t u r a l  designs. Because o f  the la rge  number of 
design opt ions, t h e  task o t  f i n d i n g  the optimum conf'g- 
u ra t ion  f o r  a composite s t ruc tu re  i s  more d i f f i c u l t  
than f o r  the corresponding metal s t ructure.  This 
oppor tun i ty  t o  obta i  n superior d2si gns together w i t h  
the  d i f f i c u l t y  o f  ce1er:ing among many opt ions i s  
making auto~nated s t r u c t u r a l  s i z i n g  an inc reas ing ly  
a t t r a c t i v e  design too l .  Not only do composite 
mater ia ls  prov ide an increase i n  the  number o f  design 
variables, they can a lso  cause an increase i n  the 
complexity o f  the  f a i l u r e  modes. Rules o f  thumb t h a t  
prevent undesirable propor t ions f o r  metal s t ruc tu res  
are of ter l  inadequate fo r  the  corresponding composite 
s t ructure.  For t h a t  retson, the  automated s t r u c t u r a l  
s i z i n g  procedure must incorporate accurate s t r u c t u r a l  
analysis methods. For s t i f f e n e d  composite s t r u c t u r a l  
panels, a computer program denoted PASCO (Panel 
Analysis and S iz ing  COde) has been developed and des- 
c r i  bed i n  references 1-4. PASCO includes both the 
genera l i t y  necessary t o  e x p l o i t  the added design f l e x -  
i b i l i t y  afforded by cmpo i t e  mater ia ls  and an accurate S buckl ing analysi  s--VIPASA (V ib ra t ion  and Instabi  11 t y  
o f  P la te  Ass~unblies inc lud ing  Shear and Ani sotropy)-- 
t o  detect and account f o r  complex buck l ing modes. 
PASCO can design for  buckl ing, frequency, mate r ia l  
s t rength and panel s t i f fness  requirements. An impor- 
t a n t  l i m i t a t i o n  of PASCO i s  t h a t  VIPASA underestimates 
the buck li ng load for  long wavelength buck l i  nq when the 
loadi  ng 1 nvol ves shear. 
This paper i s  d iv ided roughly i n t o  th ree  parts. 
I n  the  f i r s t  pa r t ,  the capabi l i  t l e s  o f  and approach 
used i n  PASCO are descrlbed b r i e f l y .  I n  the  second 
par t ,  the conservatism i n  VIPASA f o r  long-wavelength 
shear buck l ing i s  explained and i l l u s t r a t e d .  To 
a l l e v i a t e  tha t  def ic iency, an a l t e r n a t e  analys is  pro-  
cedure based on 3 smeared o r tho t rop ic  s o l u t i o n  was 
i n v e s t i  qated. Calculat ions are presented which show 
t h e  danger i n  using tha t  so lut ion.  I n  the  t h i r d  par t ,  
PASCO's capabi li t y  t o  design f o r  thermal loadings IS 
described. Design studies i 1 l u s t r a t e  the  importance 
o f  the m u l t i p l e  load condi t ion capability when thermal 
loads are present. 
Descri p t i  nn o f  PASCO 
PASCO i s  described i n  d e t a i l  i n  references 1-4; 
therefore. the descr ip t ion presented here i s  a sumnary. 
Capab i l i t i es  
PASCO has been designed t o  have s u f f i c i e n t  
general i t v  i n  terms of panel conf igurat ion,  loading, 
and p r a c t i c a l  const ra in ts  so t h a t  i t  can be used f o r  
s i z i n q  of panels i n  a r e a l i s t i c  desi cn appl icat ion.  
The panel may have an a r b i t r a r y  cross sect ion composed 
o f  an assembly of p l a t e  elements w i t h  ~ a c h  p l a t e  
element consis t ing o f  a balanced s y m t r i c  laminate of 
any number of layers. The panel cross section, 
mater ia l  proper t ies.  loading, and temperature change 
are assumed t o  be uniform i n  the  X d i r e c t i o n  ( f i g .  1). 
Any group o f  dimensions, inc lud ing  p l y  angles, may be 
selected as design variables; the remai?ing dimensions 
can he held f i x e d  or r e l a t e d  l i n e a r l y  t o  the design 
variables. 
Figurc 1.- S t i f fened  panel w i t h  i n i t i a l  bow, appl ied 
loading, and coordinate system. 
The panel mdy he loaded hy any combinati on o f  i n -  
plane loadi  ngs (tension, compression, and shear) and 
l a t e r a l  presscre as i n d ~ c a t e d  i n  f i g u r e  1. M u l t i p l e  
load condi t ions can be trea?ed. Thermal stresses 
r e s u l t i n g  from temperature changes are calculated. Tho 
mater ia l  proper t les corresponding t o  the temperature of 
each p l a t e  element may be changed f o r  d i f f e r e n t  load 
cases. The e f f e c t  o f  an overa l l  panel imper fect ion e, 
shown i n  f i g u r e  1, can a lso be taken l n t o  account. One 
o f  the improveinents tha t  has been made t o  the coae 
since reference 1 i s  tha t  an overa l l  bending moment Mx,  
shown i n  f i g u r e  1, can be accounted f o r  i n  an approxi- 
mate manner. 
R e a l l s t i c  deslgn const ra in ts  such as m i n i m  p l y  
t h i  ckness, f i xed s t i f f e n e r  spaci ng , upper and/or lower 
bounds on extenslona l and shear s t i f f n e s s  may be pre- 
scribed. The v l b r a t i o n  frequency o f  the  pane1 
( Inc lud ing  the  e f f e c t  o f  prest ress)  nay be speci f ied 
t o  exceed a given value. Buck l ing loads and v l b r a t i o n  
frequenc!es a re  ca lcu la ted  by the  VlPASA computer 
program.s Stresses and s t r a i n s  i n  each layer  o f  each 
p l a t e  element are ca lcu la ted  and n a r g i c ~  agalnst 
mater ia l  f a i l u r c  are ca lcu lated based on an assumed 
mate r ia l  s t rength f a i l u r e  cr i tet-Pm. 
Opt imi r a t 1  on Approach 
A nonl inear mathematical programing approach w i t h  
inequal l  t,y cons t ra in ts  i s  used o perform the opt iml  t a -  
t i o n .  The opt imlzer i s  CONM1N.L*7 
S i z l n  vartab1es.- The s i z i n g  v a r l a b l e ~  (design 
V a r i d R m f d t h r  o f  the p l a t e  elements t h a t  
make up the  panel cross sect ion, the  p l y  thicknesses, 
and the p l y  o r i e n t a t i o n  angles. Any set o f  widths, 
thicknesses and o r i e n t a t i o n  angles can be selected as 
t h e  ac t i ve  s l z i n g  variables. The remaining widths, 
thicknesses, and o r i e n t a t i o n  angles can be h e l d  f i x e d  
o r  l i nked  l i n e a r l y  t o  t h e  a c t l v e  s i z i n g  variables. 
Upper and lower bounds can be spec1 f led.  
p b j e c t i  ve function.- The ob jec t i ve  func t lon  i s  t h e  
panel mass index W/:A , the  panel mass per u n i t  area 
-r 
div ided  by the panel length. The panel length i s  
f ixed;  therefore, the  quan t i t y  t h a t  i s  minimized 1s 
t h e  panel mass per u n i t  width. 
Constraints.- Inequa l i t y  const ra ln ts  can be p laced 
on buck l ing loads o r  v i b r a t i o n  frequencies (loaded or 
unloaded), lamina stresses o r  s t ra ins  (mater ia l  
s t rength const ra in ts) ,  dnd panel s t l f fness .  These 
cons t ra in ts  can be appl ied fo r  each o f  many load condi- 
t i  ons. 
For t h e  buck l ing and v i b r a t i o n  const ra in ts .  
separate cons t ra in ts  are appl ied f o r  each wavelength. 
With t h l s  approach, panels can be desiqned w i t h  a 
d i f f e r e n t  margin o f  safety  f o r  each wavelength. Con- 
s t r a i n t s  can a lso  be placed on several eigenvalues a t  
the  same wavelength. 
For t h e  mater ia l  s t rength const ra in ts ,  three 
s t rength c r i t e r i a  a re  ava i lab le  i n  PASCO: maximum 
lamina stress, maximum lamina mechanical s t ra in ,  and 
the  Tsai-Wu c r i  ter ion8. For the maximum Stress 
c r i t e r i o n ,  tension and compression l i m i t s  are placed 
on lamina stresses i n  t h e  f i b e r  d i r e c t i o n  and t rans-  
verse t o  t h e  f i b e r  d i rec t ion .  L i m i t s  are a lso  placed 
on the shear stress. The maximum lamina mechanical 
s t r a i n  c r i t e r i o n  i s  def ined s i m i l a r l y ,  except t h a t  the 
thermal s t r a i n  i s  subtracted from the t o t a l  s t r a i n  t o  
prov ide the mechanical s t ra in .  The Tsai-Wu c r i t e r i o n  
involves a quadrat ic func t ion  of the  stresses. F a i l u r e  
i s  assumed t o  occur when the s t ress s t a t e  i n  any lamina 
exceeds the f a i  l u r e  c r i t e r i o n .  
For the  s t i f f n e s s  const ra ln ts ,  upper o r  lower 
bounds can be placed on the  extensional s t l f fness ,  t h e  
shear s t1 f fness, and the  bendi ng s t 1  ffness. These 
st1 ffnesses are "smeared" o r tho t rop ic  s t i f fnesses  f o r  
t h e  overa l l  panel, no t  i n d l v l d u a l  p l a t e  element s t i f f -  
nesses. The extensional s t i f f n e s s  i s  associ a td  wl t h  
t h e  Nx load, the shear s t i f f a e s s  w i t h  the Nxy load, 
and the bending s t l f f n e r s  w l t h  the Mx load. These 
loads are shown i n  f i g u r e  1. 
Constraint Approximation.- A cons t ra in t  approxi- 
matlon approach9 i s  used i n  PASCO t o  increase t h e  
computational e f f i c i e n c y  when the program t s used for  
s iz ing.  That approach i s  dept c ted schemati c a l l y  I n  
VIPASA FOR tlUNVALUfS 
MODULE CONSTRAIN1 APPROXlMAIlON 
Siml l a r  expressions are assumed f o r  t h e  inp lane  d is -  
placqments u and v. The funct ions f l ( y )  and 
fp (y )  a l low various boundary condi t ions t o  be pre- 
scr ibed on the  l a t e r a l  edges o f  t h e  panel. Boundary 




For o r tho t rop ic  p l a t e  elements w i t h  no shear 
loading, f 2 ( y )  i s  zero. The so lu t ion  f l ( y )  cos r x  
r 
gives a ser ies o f  node l i n e s  t h a t  are s t r a i g h t ,  per- 
pendicular t o  t h e  long i tud ina l  panel axis, and spaced 
A apar t  as shown i n  f i g u r e  3. Along each o f  these 
node l i nes ,  the  buck l ing  displacements sat4 s f y  simple 
support boundary condit ions. For values of A given 
by A = L, L/2, L/3,. . . .L/m, where m i s  an in teger  , 
the  nodal pa t te rn  shown i n  f i g u r e  3 s a t i s f i e s  simple 
support boundary condi t ions a t  t h e  ends o f  a  f i n i t e ,  
rectangular,  s t i f f e n e d  panel o f  length L. b CONMIN OPTIMIZER 
- - - -  N d e  l~nrs 
Figure 2.- General s i z i n g  approach used i n  PASCO. 
f i g u r e  2. I n  the analysis module, a l l  cons t ra in ts  are 
ca l  culat:.d wi t t ~  Y IPASA and support ing subroutines. 
The program i d e n t i f i e s  the  c r i t i c a l  cons t ra in ts  and, 
using f i o i t e  d i f fe rence  approximations, ca lcu lates 
der i va t i ves  o f  the c r i t i c a l  const ra in ts  w i t h  respect 
t o  the s i r i n g  variables. These der i va t i ves  are then 
passed t o  the Taylor ser ies module which generates a 
f i r s t  order Taylor series expansion o f  each constra in t .  
These expansions provide the approximate cons t ra in ts  
f o r  CONMIN. CONMIN i n t e r a c t s  only w i t h  these approxi- 
mate e x p l i c i t  funct ions t h a t  represept the contra in ts ,  
not w i t h  VIPASA. 
The design strategy consis ts  o f  a  ser ies o f  s i z i n g  
cycles i n  which CONMIN adjusts the values o f  the s i z i n g  
variables based on approximate values o f  the  con- 
s t ra in ts .  An upper l i m i t  i s  imposed on the  change o f  
each s i z i n g  var iab le during each s i z i n g  cycle. The end 
point  o f  one s i z i n g  cyc le becomes the i n i t i a l  po in t  o f  
the next s i z i n g  cycle. Accurate values o f  the  con- 
s t r a i n t s  and der i va t i ves  o f  the const ra in ts  are then 
recalculated, and new Taylor series expansions are 
generated. Ten s i z i n g  cycles are usual ly  adequate t o  
obtain convergence i f  the i n i t i a l  design i s  reasonably 
we l l  chosen. 
Shear Buck l i n g  Problem 
As i s  pointed out e a r l i e r  i n  t h i s  paper, an 
important l i m i t a t i o n  o f  PASCO i s  tha t  VIPASA under- 
estimates the buckl ing load when the loading involves 
shear and the buckle mode i s  a  general or overa l l  mode 
i n  which a s ing le  hal f  wave extends from one end o f  the 
panel t o  the other. That shortcoming i s  explored i n  
t h i s  section. 
VIPASA Buckl ing Analysis 
V IPASA, the buck l ing analysis program incorporated 
i n  PASCO, t r e a t s  an a r b i t r a r y  assemblage o f  p l a t e  
elements w i t h  each p l a t e  element i loaded by Nx , 
i 
, and Nxy . The buck l ing analys is  connects t h e  
i 
ind iv idua l  p l a t e  elements and maintains con t i  nut t y  o f  
the buckle pa t te rn  across the  i n t e r s e c t i o n  o f  neigh- 
bor ing p l a t e  elements. The bu . ' . l i  ng displacement w 
assumed i n  VIPASA f o r  each p l  .tr element i s  o f  the 
form 
Figure 3.- Node l i n e s  produced by w = f 1(y) cos 
A 
For an iso t rop ic  p l a t e  elements and/or p l a t e  
elements w i t h  a shear loading, f 2 ( y )  i s  no t  zero. 
(Because ani sotropy genera l ly  has n e g l i g i b l e  e f f e c t  
f o r  long wavelength buck l ing modes and because i t  i s  
these 1 ong wavelength modes t h a t  are troublesome, 
reference t o  ani sotropy i s  dropped i n  the  f o l l o w i n g  
discussion). Node l i n e s  are skewed and not  s t r a i g h t ,  
but  the node l i n e s  are s t i  11 spaced A apar t  as shown 
i n  f i g u r e  4. Since node l i n e s  cannot co inc ide w i t h  
---- Node l~nes 
w = f l ( y ) c o s ~ x  - f 2 ( y )  s i n ~ x  (1) Figure 4.- Node l i n e s  produced by w a f l ( y ) c o s  r x  
A A - f 2(y) s i n  EX X 
A 
a 3 
the ends of the rectangular panel, the  VIPASA so lu t ion  
f o r  loadings invo lv ing  shear i s  accurate only  when 
many buckles form along the  panel length, i n  which 
case boundary condi t ions a t  the  ends are not important. 
An example i n  which A = L/4 i s  s h w n  i n  f i g u r e  5. 
Fiqure 5.- Buckl ing o f  panel under shear loading. 
Mode shown i s  A =L/4. 
As A approach~s L, the VIPASA buckl ing anayls is  
fo r  a panel loadec by Nx may und~res t imate  the  
buck l ~ n g  load s u b s ~ a n t i  a! ly. One explanation i s  as 
fol lows: As seen i n  f i g u r e  5, the  skewed nodal l i n e s  
gi ven by VIPASA i n  the case o f  shear do not co inc ide 
w i th  the end edges. Forcing node l i n e s  (and, there- 
fore,  simple support boundary condi t ions)  t o  co inc ide 
w i th  the end edges produces long-wavelength buck l ing 
loads t h a t  are, i n  many cases, appreciably higher than 
those d ~ +  ermi ned by V IPASA. 
I n  sumnary, fo r  s t i f f e n e d  panels composed o f  
or thot rop ic  p l a t e  elements w i th  no shear loading, the 
VIPASA so lu t ion  i s  exact i n  the sense t h a t  i t  i s  the 
exact so lu t ion  o f  the p l a t e  equations s a t i s f y i n g  the 
K i  rchof  f-Love hypothesi s. However, f o r  s t i f f e n e d  
panels having a shear loading the  VIPAS4 so lu t ion  can 
be very conservative f o r  the case A = L. 
Because VIPASA i s  over ly  conservat ive i n  the  case 
of long-wavelength buck l ing if a shear load i s  present, 
other easi ly-adaptable analysi  s procedures based on 
smeared or thot ropic  s t i f fnesses have been explored f o r  
the case A = L. 
Smeared S t i f fener  Solut ion 
The object ive o f  the analysis i s  t o  solve the  
shear buck l ing problem f o r  the f i n i t e  panel i l l u s t r a t e d  
i n  f i g u r e  6. For buck l ing half-wavelength A equal 
t o  panel length L, the mathematical model solved by 
VIPASA and the r e s u l t i n g  node l i n e s  are s i m i l a r  t o  
those i 1 lus t ra ted  i n  f i g u r e  7. The panel i n  f i g u r e  7 
i s  i n f i n i t e l y  long i n  the X d i rect ion.  
It i s  assumed t h a t  a be t te r  approximation t o  the 
so lu t ion  fo r  the f i n i t e  panel would be obtained w i t h  
the i n f i n i t e l y  wide panel shown i n  f i g u r e  8. Unfor- 
tunately, the mathematical model i l l u s t r a t e d  i n  f l g u r e  
8 cannot be analyzed w i t h  VIPASA because VIPASA re -  
quires t h a t  the panel be uniform i n  the  d i r e c t i o n  o f  
the i n f i n i t e  dimension. However, the mathematical 
model obtained by smearing the s t i f fnesses  o f  the  s t i f -  
fened panel o f  f i g u r e  8 can be analyzed w i t h  VIPASA. 
That so lu t ion  i s  re fe r red  t o  as the smeared s t i f f e n e r  
so lut ion.  It i s  obtained by interchanging the  x and y 
loading and st i f fnesses.  The eigenvalue used i s  the  
lowest o f  the set for  A = B, 812. B/3,... where B i s  
the panel width. (The attempt t o  improve on the  VIPASA 
so lu t ion  fo r  long-wavelength shear buck l ing i s  more 
involved than the d l  scussi on presented here. However, 
F igure 6.- F i n i t e  s t i f f e n e d  panel o f  l eng th  L and 
width B, s imply supported on a1 1 four  edges, 
and subjected t o  shear load N w .  
Figure 7.- Node l i n e s  given by VIPASA f o r  shear 
buck l ing wit,, A = L. 
Figure 8.- Node l i n e s  for  buck l ing o f  I n f i n i t e l y - w i d e  
s t i f f e n e d  panel. 
the  basic feature--smeared s t t f f e n e r  solutton--of tha t  
so lu t ton  approach and the  conclusions regardtng I t s  
sut tabt l t  t y  are the  same as those presented here. A 
more complete discussion t s  presented I n  references 2 
and 4). 
Exasples 
Two s t i f f e n e d  panels were analyzed wt t h  PASCO and 
w i t h  the general f ~ n t t e  lement s t r u c t u r a l  analysts 
code EAL ( refs .  10. 11) t o  assess the v a l i d i t y  o f  the  
VIPASA analysts for long wavelength shear buck l ing and 
t h e  smeared s t i f f e n e r  solutton. Both panels had s t x  
equally-spaced hlade s t t  f feners, were 76.2 cm (30 tn.) 
square, and were made o f  a grapht te-epoxy compost t e  
mater ia l  having the mater ia l  proper t ies given i n  t a b l e  
i .  The loadings were combinations o f  l o r g i t u d i n a l  
compression (N,) and shear (N ). A ~chemat ic  drawing 
showing the loading and overam dimensions f o r  the  
example cases i s  shown i n  f i g u r e  9. The manner I n  
which the appl ied loads were d i s t r i b u t e d  over the 
cross sect i on--t he prebuck 1 i ng st ress s tate-- i  s 
discussed i n  reference 2. I n  p a r t i c u l a r ,  the N load 
was d i s t r i b u t e d  assuming uniform s t r a i n  c x  o f  t i e  
panel cross sect ion w i t h  f r e e  transverse expansion of 
each p l a t e  element, so tha t  t$ was zero. Buckl ing 
t 
boundary condi t ions were simple support on a l l  fou r  
edges. These boundary condit ions are def ined i n  f i g u r e  
9. The panel cross sect ions were t reated as co l lec -  
t i o n s  of l i n e s  w i t h  no of fsets  t o  account f o r  th tck-  
nesses. (Offsets are ava i lab le  i n  PASCO). The f i r s t  
example i s  discussed i n  greater detat 1 than the second 
example. 
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Figure 9.- Loading, dimensions, and boundary condi t ions 
f o r  s t t f f e n e d  panel examples. 
Exa l e  1.- A repeat ing element of the compostte 
blade* ened panel t s  shown i n  f i g u r e  10. Element 
widths are a lso shown. The wa l l  const ruct ion for  each 
p l a t e  element t s  given i n  t a b l e  11. Only ha l f  the 
laminate t s  deftned f o r  each p l a t e  eletnent because a l l  
laminates are symnetrlc. P late element numbers are 
ind ica ted  by the c i r c l e d  numbers i n  f t g u r e  10. Fiber 
o r ten ta t ton  angles are measured w i t h  respect t o  the X 
axis, whtch t s p a r a l l e l  t o  the  s t i f f e n e r  d i rect ion.  
The s inq le  f i n i t e  element type used i n  the  EAL 
model f o r  t h t s  and the  other example I s  a four-node, 
quadrt l a t e r a l  , combtned membrane and bend1 ny element. 
Both the membrane and bending s t i f f n e s s  matr ices for 
the element are based on the assumed stress, hybr td  
1 
3. W cm 
11 I52 In. l 
I 
t 
Ftgure 10.- Repeating element for example 1, conpostte 
blade-stt  f fened panel. 
formulat ion o f  the  Pian type.l0sl2 The buck l ing  
or geonetrtc s t i f f n e s s  mat r i x  f o r  the element i s  
based on a cot,ventional displacement f w n u l a t t o n  t h a t  
includes terms a l lowfng inp lane (u and v displacements) 
as we l l  as out-of-plane (w displacements) buck l tng 
modes. The Ptan membrane fornnrlatton a l lows a s tng le  
element across the depth of a blade s t i f f e n e r  t o  
accurate ly  represent i t s  o v e r a l l  inp lane bending 
behavior. The EAL designatton for  t h i s  element i s  
E43. The f t n t t e  element g r i d  chosen f o r  the EAL model 
i s  shown i n  f i g u r e  11. Two elements are used along 
t h e  depth o f  the blade, fou r  elements a re  used between 
blades, and 36 elements are used along the  length, 
making a t o t a l  o f  1296 elements, and 1369 nodes. Based 
on convergence studies and other compart sons, i t  i s  
be l ieved tha t  the f i n t t e  element c a l c u l a t t  ons presented 
i n  t h i s  paper d i f f e r  from the  exact s o l u t i o n  by no more 
than approximately one percent and, therefore,  provide 
benchmark ca lcu la t f  ons. 
F igure 1i.- EAL f t n t t e  element model f o r  example 1, 
compost t e  blade-stt  f fened panel. 
Buck l ing r e s u l t s  are shown I n  f tgu re  12. The 
curves tndt cate VIPASA and smeared s t i f f e n e r  so lut ions,  
and the  c t r c u l a r  symbols tnd tca te  EAL solut ions. The 
s o l t d  curve r e  resents the  VIPASA so lu t ton  f o r  buck l tng 
half-wavelengtR 1 equal t o  L. The dot ted l i n e  a t  
-- VIPASA. A = L 
........- VIPASA. A = l / 2  
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Figure 12.- B u c k l ~ ~ i g  load i n t e r a c t i o n  for  example 1, 
composite b lade-st i f fened panel. 
the top o f  the f i g u r e  represents the  VIPASA so lu t ion  
fo r  X equal t o  L/Z. The dashed curve represents 
the smeared s t i f f e n e r  so lu t ion  and ind icates so lut ions 
fo r  the lowest buck l ing load o f  the set X = B, B/2, 
B/3.... . where B i s  the panel width. The corner i n  
the dashed curve tha t  occurs a t  Nx equal t o  approxi- 
mately 130 kN/m (750 l b / i n )  ind icates a change i n  mode 
shape fo r  the smeared s t i f f e n e r  solut ion. For Nx 
less than 130 kN/m, the buck l i n g  half-wavelength t rans-  
verse t o  the s t i f f e n e r s  i s  equal t o  38 cm (15 in.) 
which i s  three times the s t i f f e n e r  spacing. For Nx 
greater than 130 k Nlm, the buck l ing half-wavelength 
transverse t o  the s t i f feners  i s  equal t o  76 cm (30 
in . )  which i s  s i x  times the s t i f f e n e r  spacing. 
Fqr t h i s  example. the smeared s t i f f e n e r  so lu t ion  
gives reasmably accurate estimates of the so lu t ion  for  
a l l  combinations o f  Nx and Nw. For the  loading 
Nx = 0, the  smeared s t i f f e n e r  so lu t ion  i s  about f i v e  
percent lower than the EAL solut ion. F. t h i s  same 
loading, the  V l P A S A  so lu t ion  f o r  A = L i s  about 63 
percent lower than the EAL solut ion.  For the  loading 
0, the VIPASA so lu t ion  fo r  X = L and the  EAL 
:~u;ion aqree t o  w i t h i n  0.3 percent. 
Oetai l e d  compari sons and benchmark ca lcu la t ions  
fo r  s i x  loadings are presented i n  tab le  111. In  t h i s  
tab le,  the quant i ty  denoted FACTOR i s  the  so lu t ion  i n  
terms o f  a scale fac to r  f o r  the  spec i f i ed  loading. For 
example, f o r  the loading Nx = 350.3 kN/m, Nv = 175.1 
k N/m (N, = 2000 I b / i n ,  N = 1000 1 b / in )  the EAL 
so lu t fon  o f  FACTOR = 0.4%4 means tha t  the so lu t ion  i s  
Nx = 0.4764 x 350.3 = 166.9 kN/m (952.8 I b l i n )  Ny = 
0.4764 x 175.1 = 83.37 kN/m (476.4 I b / i n ) .  
F ina l l y ,  the buck l i n g  mode shape obtained w i  t h  EAL 
f o r  the  case Nx = 0 i s  shown i n  f i g u r e  13. This con- 
tour  p l o t  of the buck l ing displacement w shows t h a t  
the  buck l ing half-wavelength transverse t o  s t i f f e n e r s  
i s  approximately equal t o  three times the  s t i f f e n e r  
spdclng, which was predic ted by the smeared s t i  f- 
f ener sol u t l  on. 
Figure 13.- Shear buck l ing  mode shape obtained w i t h  EAL 
f o r  example 1, .-omposite b lade-st i f fened panel. 
Exa. l e  2.- A repeat ing element o f  a heavi ly-  
loade+te b lade-st i  f fened panel i s  shown i n  
f i g u r e  14. The wa l l  const ruct ion f o r  each p l a t e  
element i s  given i n  t a b l e  IV.  
Figure 14.- Repeating element for  example 2, heav i l y  
1 oaded , composite b lade-st i  f f ened panel. 
Buck l ing so lut ions fo r  example 2 are shown i n  
f i  yure 15. The s o l i d  curve ind ica tes  the VIPASA 
s o l u t i o n  fo r  A = L. The dot ted curves i n d i c a t e  
VIPASA solut ions f o r  X = L/2, L/4, and L/5. The 
dashed curve represents the  smeared s t i f f e n e r  so lut ion.  
As i n  the  f i r s t  example, the  corners i n  t h e  dashed 
curve i n d i c a t e  changes i n  mode shape. For Nx less  
than about 700 kN/m (4000 l b / i n )  the buck l ing h a l f -  
wavelength transverse t o  the  s t i f f e n e r s  i s  1.5 times 
the s t i f f e n e r  spacing. For Nx greater than about 700 
kN/m but less  than about 1600 kN/m (9000 l b l i n )  t h e  
buck l ing half-wavelength transverse t o  t h e  s t i f f e n e r s  
i s  2.0 times the  s t i f f e n e r  spacing. For N greater 
than about I600 kN/m but  less  than about 1h00 kN/m, 
the  buck l ing half-wavelength transverse t o  the  s t i f -  
feners i s  3.0 times the s t i f f e n e r  spacing. 
For t h i s  example, the  EAL r e s u l t s  f a l l  below both 
the smeared s t i f fener  s o l u t i o n  and t h e  A = L/2, L/4, 
and L /5  curves. For t h e  5; = 0 case, an examination 
o f  the EAL buck l ing mode s ape presented i n  f i g u r e  16 
shows t h a t  t h e  lowest buck l ing  load i s  an o v e r a l l  mode (A  - L) ra ther  than a A = L/2 mode, whlch might 
6 
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Figure 15.- Buckl ing load i n t e r a c t i o n  for example 2, 
heavi ly-loaded, composi t e  b lade-st i f fened 
panel. 
have been assumed since the  A = L/2 so lu t ion  i s  near 
t h e  EAL solut ion. Detai l e d  compari sons o f  so lut ions 
f o r  s i x  loadings are presented i n  t a b l e  V. 
Discussion o f  resul ts .  - The basic conclusion t h a t  
can be drawn from these ca lcu la t ions  and from similar 
r e s u l t s  presented i n  reference 4 i s  t h a t  a bcck l ing 
so lu t ion  based on smearirlg the  overa l l  s t i f fnesses  of 
a s t i f f e n e d  panel should be used only  w i t h  caution. 
I n  the  f i r s t  example, the  smeared s t i f f e n e r  
so lu t ion  underestimated the  overa l l  buck l ing load 
s l i g h t l y .  In  the second example, i t  g rea t l y  over- 
Figure 16.- Shear buck l ing mode shape obtained w i t h  EAL 
for example 2, heavi ly -1 oaded, composl t e  
b l  ade-sti f f ened panel. 
estimated t h e  o v e r a l l  buck l lng  l m d .  One f a c t o r  t h a t  
appedred t o  con t r lbu te  t o  t h e  e r l  or I n  t h e  second 
example was t h a t  t h e  buckle half-wavelength transverse 
t o  the  s t i f f e n e r s  was only 1.5 times t h e  s t l t f e n e r  
spacing. Usually, t h a t  shor t  a wavelength inva l lda tes  
the  s t i f f n e s s  smearing approach. I n  PASCO, t h e  smeared 
s t i f f e n e r  so lu t ion  should no t  be accepted I f  t h e  buckle 
half-wavelength transverse t o  t h e  s t i f f e n e r s  I s  less 
than 2.5 t imes the  s t i f f e n e r  spacing. 
Because an automated design procedure genera l ly  
e x p l o i t s  a defect i n  an analysis, i t  i s  recocmended 
tha t  the  smeared s t i f f e n e r  approach not  be used i n  
s i z i n g  appl icat ions.  The panels designed us ing the  
standard VIPASA analys is  wi 11 be l i gh t -we i  ght and 
conservat i  ve ly  designed. 
I n  a l l  cases, the f i n i t e  element s o l u t i o n  f o r  
o v e r a l l  buck l ing f a 1  1s between the  VIPASA so lu t ions  f o r  
A = L and X = L12. A so lu t ion  approach f o r  o v e r a l l  
shear buck l ing t h a t  assumes the buck l ing mode t o  be a 
combination o f  the f i r s t  few VIPASA modes i s  being 
studied. A speci a1 procedure i s  needed t o  combine 
these modes i n  such a way t h a t  the  boundary condi t ions 
a t  the  panel ends are sa t i s f ied .  
Thermal Loads I n  Panel Design 
The PASCO program can perform a simp:i f ied thermal 
s t ress analysis, add the  s t ress resu l tan ts  due t o  the  
temperature e f f e c t s  t o  those obtained from other 
loadings and then determine the  buck l ing load o f  t h e  
panel. A b r i e f  sumnary o f  t h i s  analys is  w i l l  be given 
fo l lowed by design studies t h a t  i l l u s t r a t e  haw temper- 
a tu re  and thermal s t ress can be t rea ted  i n  PASCO. 
Thermal Stress Anaysi s 
I n  PASCO, a basic assumpti on i n  the buck l ing 
analys is  i s t h a t  a1 1 s t r u c t u r a l  q u a n t i t i e s  and loadings 
a re  constant along the  length. Therefore, temperatures 
must be assumed constant along the  length, and any 
s t ress d i s t r i b u t i o n  determined as bs i  ng representat ive 
o f  the  s t ress d i s t r i b u t i o n  i n  the  center o f  the  panel 
i s  a l so  assumed constant along the  length. Temperature 
may vary along the  width and depth d l  r e c t i  on o f  the 
panel but i s  constant through t h e  thickness o f  a given 
wa l l  cross-sect i  on. The temperature d i  s t r i  b u t i  on i s  
prescribed; i t  does not change as t h e  s i z i n g  var iab les 
are changed. 
The c lass ica l  equation f o r  thermal s t ress  i n  a 
beam i s  the  basis o f  the analys is  
- 
This equation su i tab ly  modi f ied t o  account f o r  ortho- 
t r o p i c  laminate p roper t ies  (as shown i n  de ta i  1 i n  r e f .  
2) i s  used i n  two d i f f e r e n t  ways i n  PASCO. Consider a 
panel over many supports as i l l u s t r a t e d  i n  f i g u r e  17. 
The behavior o f  an i n d i v i d u a l  bay would depend on i t s  
locat ion.  In  the end bay, t h e  s t ress d i s t r i b u t i o n  
predic ted by equation (2) would develop. The end bay 
would a lso  have a bow produced by the  bending moment 
generated by the  under l ined term. If there  were an 
a x i a l  load N, as we l l ,  t h i s  bon and the  bending 
stresses produced by the  bow would be increased by the 
Figure 17.- Panel over many supports. 
r a t i o  l / ( l - y ) ,  the  beam-column e f fec t .  A l l  these 
e f f e c t s  are included i n  PASCO when a parameter ITHERH 
i s  set equal t o  1. 
I n  the  center o f  the  panel, any tendency t o  bow 
would be res t ra ined  by adjacent bays and the  s t ress  
d i s t r i b u t i o n  would be given by equation (2 )  w i t h  the  
underl ined term omitted. I n  t h i s  case, the re  would be 
no bow due t o  thermal stress. This s t ress analys is  i s  
performed when the parameter ITHERM i s  set t o  zero. 
When desiqning a panel subject t o  temperature, i t  
i s  customary t o  requ i re  t h a t  the  load a lso  be sustained 
without temperature. I n  addi t ion,  i f  t h e  panel spans 
many supports rnd  i f  the  same de ta i led  dimensions are 
t s  be used f o r  00th end bays and i n t e r i o r  bays, theq 
the pant?l nlust be designed t o  carry  the load w i t h  and 
without the thermal bow. The r e s u l t  i s  a m u l t i p l e  
load condi t ion problem. Such design problems are 
i l l u s t r a t e d  i n  the fo l low ing  exanples. 
E xamp 1 es 
Desi nrequirements.- Several example studies were 
c a r r i d  t 3  d e m  the e f f e c t  on pane1 mass of 
design requirements invo lv ing  temperature change. A1 1 
studies used the overa l l  dimensions, basic conf igur-  
a t i  on, and stacking sequence o f  the b lade-st i  f fened 
panels used i n  the shear buck l ing studies. Three 
types o f  studies are presented. I n  the f i r s t  study, 
panels were made o f  a graphite-epoxy mater ia l  having 
the proper t ies given i n  tab le  I. Siz ing  var iab les were 
the depth o f  the blade and the thicknesses o f  the 
p l i e s ;  p l y  angles were fixed. The second study was 
s i m i l a r  t o  the f i r s t ,  except t h a t  p l y  angles were 
added t o  the s i z i n g  variables. In  the t h i r d  study, 
panels were made o f  aluminua. The importance o f  the 
thermal how and the importance o f  the m u l t i p l e  load 
condi t ion capab i l i t y  are demonstrated. 
To provide f o r  the bending loads t h a t  occur when 
t h e  panel i s  allowed t o  take on a thermal bow, the  
blade por t ion  o f  the  s t i f f e n e d  panel was d iv ided i n t o  
seven sect ions as shown i n  f i g u r e  18. (The load Nx 
i 
i n  each p l a t e  element i i s  uniform). The t i p  element 
o f  the blade was made very small so t h a t  prebuckl ing 
s t r a i n s  could be ca lcu lated accurately near the  t i p  of 
the  blade. These s t ra ins  were monitored and used i n  
the mater ia l  strength c r i t e r i o n  t h a t  i s  based on 
maximum ~iechanical s t ra in .  The normal s t r a i n s  were 
requi red t o  be less than 0.004, and the shear s t r a i n  
less  than 0.01. 
The fo l low ing  f i v e  load cor~d i t i ons  were L - L ~ :  
Load Nx, kN/m Thermal Temperature 
Condi t i  on (Compressi on) Bow Change, AT, OK 
1 175.1 NO -111.1 
2 175.1 No Variable 
3 175.1 No 0 
4 175.1 Yes Variable 
5 175.1 Yes -111.1 
The loading 175.1 kN/m corresponds t o  1000 l b l i n ,  and 
the  temperature change -111.1% corresponds t o  -200°F. 
Temperature changes are measured w i t h  respect t o  the 
temperature f o r  a zero res idual  s t ress s t a t e  i n  the  
composite material .  Normally, th i ,  reference temper- 
a ture i s  higher than room temperature. The three 
design temperature changes then correspond t o  a uniform 
co ld  condi t ion (AT = -111.1%). a t r a n s i t i o n  cond i t i on  
i n  which the  sk in  i s  hot and t h e  t i p  o f  the blade i s  
co ld  (var iab le) .  and a uniform hot condi t ion (AT = 00). 
I n  the t rans i  t t  on condi t ion (var iab le) ,  the temperature 
Figure 18.- Repeating element f o r  graphite-epoxy panel C 
designed f o r  load condi t ions 1 t o  5. 
change i n  each element i s  as fo l lows:  skin, OoK; f i r s t  
element i n  blade (adjacent t o  skin),  -36.1%; second 
element, -66.7%; t h i r d  t o  seventh elements a re  
-86.loK. -97.20K. -105.50K, -108.30K, -1ll. loK. 
Graphl te-epoxy panels, f i x e d  p l y  angle.- Results 
o f  the design study for  the graphi te-epoxy b l a d s  
s t i f f e n e d  oanel w i t h  f i x e d  ~ l v  ansles are orese..ted i n  
t a b l e  V I .   h he f i r s t  column' ( j a r  i e f t )  i nd ica tes  the  
load condi t ions used t o  obta in a design. For example, 
the t h i r d  en t ry  i n  t h a t  column ind ica tes  load condi- 
t i o n s  1, 2, and 3. The second column i s  the  mass 
index W/A o f  the  minimum mass panel t h a t  supports t h a t  
T 
combination o f  load condit ions. The f i n a l  f i v e  columns 
are the r a t i o s  of the lowest buck l ing load t o  the  
design loading f o r  each o f  the  f i v e  loading condit ions. 
The r a t i o s  are appl ied t o  both the compressive load 
and the change i n  temperature. 
The data i n  the  f i r s t  row shows t h a t  a panel 
designed f o r  a temperature change ( load cond i t i on  1)  
need not  carry  the  load when the  temperature i s  
removed ( load cond i t i on  3). The panel designed for 
load condi t ions 3, 4, and 5 i s  the same as the panel 
designed f o r  a l l  f i v e  load condit ions. The dimensions 
o f  the repeat ing element f o r  t h a t  panel a re  shown i n  
f i g u r e  18. Thicknesses are given i n  t a b l e  V I I .  The 
sk in  consis ts  o f  +450 p l i e s  only; the  blade consis ts  
o f  00 and 2450 plTes only. 
Graphi te-epoxy panels, va r iab le  p l y  angle.- I n  two 
oanels. o l v  anales were allowed t o  varv. Each   an el 
7 .  - 
was designed t o  ca r ry  load condi t ions \ t o  5. 'ln the  
f i r s t  panel, only the  angles i n  the  sk in  were varied. 
The r e s u l t  was t h a t  the sk in  of the  f i n a l  design 
consisted only o f  t58.20 p l y  and the mass index 
was reduced 61  t o  T.051 kg/&. I n  the  second panel, 
the angles o f  the  p l y s  o r i g i n a l l y  a t  +45O i n  both t h e  
sk in  and the  blade and t h e  angles of the  p l y s  o r t g i n -  
a l l y  a t  00 i n  the  blade were varied. The add i t i ona l  
mass reduc t i  on was neg l i  g i  ble. 
Aluminum panel 5 . -  Design studies s i m i l a r  t o  those 
presented i n  t a b l e  VI f o r  graphite-epoxy par,?ls were 
a lso c a r r i e d  out fo r  aluminum panels having the  
mater ia l  proper t ies given i n  t a b l e  V I I I .  Results are L 
presented i n  t a b l e  I X .  Since uniform temperature 
changes produce no thermal s t ress  f o r  these panels, the  
o r i g i n a l  f i v e  loading c o n d i t i o r ~ s  reduce t o  three: 1, 
2, and 4. The repeat ing element f o r  the  panel t h a t  
supports a l \  th ree  loads i s  shown i n  f i g u r e  19. 
O i  scussi on of results.-  Three conclusions can be 
drawn from these ca lcu lat fons.  F i r s t ,  when design re -  
quirements invo lve  thermal loads i t  i s  advisable t o  use 
a m u l t i p l e  load cond i t i on  approach w i t h  various temper- 
a tu re  d l  s t r i  but ions and end support condi t lons.  For 
the examples presented I n  t h i s  paper, t h e  increase i n  
~ -- 
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Figure 19.- Repeating element fo r  aluminum panel 
desiqned f o r  load condi t ions 1, 2, and 4 .  
panel mass caused by using t h i s  approach i s  small com- 
pared t o  the increase i n  load carry ing a b i l i t y  f o r  o f f -  
design load condit ions t h a t  may be encountered i n  
service. This i s  t r u e  whether the panel i s  graphite- 
epoxy or aluminum. 
The second conclusion i s  t h a t  i t  i s  more important 
t o  use the m u l t i p l e  load condi t ion c a p a b i l i t y  f o r  com- 
pos i te  panels than fo r  metal panels. The increase i n  
the numher of design variables provided by composite 
mater ia ls  allows a composite s t ruc tu re  t o  be t a i l o r e d  
very we l l  t o  a spec i f i c  load condit ion. However, t h i s  
h igh ly  t a i l o r e d  s t ruc tu re  may have very l i t t l e  load 
carry ing a b i l i t y  f o r  off-design condit ions. This 
po in t  i s  i l l u s t r a t e d  i n  reference 13 f o r  t h e  case of 
lamaqe tolerance i n  wing structures. 
The t h i r d  conclusion i s  t h a t  p l y  anqle va r ia t ion  
can provide 3 moderate (6%) re?uct ion i n  mass even i n  a 
f i ve-1 odd-condi t i  O:I-desi gn. 
Concluding Remarks 
A computer program denoted PASCO f o r  obta in ing t h e  
dimensions of optimum ( leas t  mass) s t i f f e n e d  composite 
s t ruc tu ra l  panels i s  described. The capabi l i t i e s  of 
and approach used i r ~  ASCO are discussed b r i e f l y .  
PASCO's b u c k l i ~ g  analysis (VIPASA) i s  reviewed, 
and an important shortcoming o f  tha t  analysis--under- 
est imation o f  long wavelenqth shear buck l ing loads--i s 
explained. Studies invo lv ing  combined long i tud ina l  
compression and shear loadings are presented t o  denon- 
s t r a t e  VIPASA's conservatism f o r  long-wavelength shear 
buckling. It i s  shown t h a t  an eas i l y  adaptable smeared 
o r tho t rop i  c so lu t ion  may be unconservative f o r  pre- 
d i  c t i  nq long-wavelength shear buck l ing.  Therefore, i t  
i s  recommended t h a t  the  smeared so lu t ion  no t  be used 
f o r  s i z i n g  appl icat ion?.  
Studies also demonstrate the c a p a b i l i t y  i n  PASCO 
t o  design fo r  thermal stresses, t o  account f o r  m u l t i p l e  
loadi  nq condit ions, and t o  use p l y  angles as s i z i n g  
variables. The importance of using the  m u l t i p l e  load 
condi t ion capabi 1 i t y  f o r  thermal 1 oadi ngs i s i 1 lus- 
t r a t e d  f o r  both qraphite-epoxy and aluminum panels. 
P ly  anqle va r ia t ion  provided a 6% mass reduct ion f o r  
a m u l t i p l e  load condi t ion case. 
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TABLE I .- LAYINA PROPERTIES OF GIWPtIITE-EPOXY 
MATERIAL USED I N  CALCULATIONS 
Symbol 







Value i n  





-.378 x 10-6 11°K 
28.8 x 10-6 1IoK 
1581 kg/m3 
- 
Value i n  US 
Customary Un i t s  
19.0 x l o 6  p s i  
1.89 x l o6  ps i  
.93 x 106 p s i  
.38 
- .21  x 10-6 1/OF 
16 x 10-6  OF 
C.0571 lbm/fn3 
TABLE I I .- WALL CONSTRUCTION FOR EACH 
PLATE ELEMENT IN EXAMPLE 1 TABLE V. - BUCKLING LOADS FOR EXAMPLE 2 
TABLE I I I . - BUCKLING LOADS FOR EXAMPLE 1 
Layer number 1 r ~ ~ ~ k l ~ " n .  
s t a r t i n g  w i t h  . 
outs ide layer  
F iber  
o r ien td t fon ,  
TABLE 1 V . -  WALL CONSTRUCTION FOR EACH 
PLATE ELEMENT I N  EXAMPLE 2 
----- -- 
de9 
P la te  elements 1 and 3 
.- 
Loddi ng , 
kN/~n 
Factor 
V I PASA 







- - - - . -. -- -- 
- 
Factor 







Layer number Thickliess F i ber 
s t a r t i n g  w i t h  orcentat ion, 
outside layer  
- . .- - . - - 
deg 
Pldte elements 1 and 3 
TABLE V I  .- MASS INDEX AND RATIO OF BUCKLING LOAD 
TO DESIGN iOAD FOR FIVE GRAPHITE-EPOXY PANELS 
DESIGNED FOR JEVERAL COMB1 NATIONS OF 
LOAD CONDITIONS 







Rat io  c f  lowest buck l ing 
the fo l low ing  load 







V I PASA 







TABLE V I  I. - WALL CONSTRUCTION FOR EACH PLATE 
ELEMENT IN GRAPHITE-EPOYY PANEL DESIGNED 
FOR LOAD CCNDIT? tS 1 TO 5 
Ortho. 



























Layer number Thickness F iber  
s t a r t i n q  w i t h  o r ien ta t ion ,  























































TABLE VII1.- PROPERTIES OF ALUMINUM USED 
IN EXAMPLE CALCULATIONS 
Value i n  Value i n  US 
S I  Uni ts  I C u s t o ~ r ~  Un i ts  I 
68.9 GPa 
26.2 GPa 3.8 106 ps i  
TABLE I N . -  MASS lNDEX AND RATJJ OF BUCKLING LOAD 
TO DESIGN LOAD FOR THREE ALUMINUM PANELS 
DESIGNED FOR SEVERAL COMBINATIONS OF 
LOAD CONDITIONS 
Design 
load 1 condit ions 
Rat io  of lowest buck l ing 
load to  design load f o r  
. . 1 the fo l l ow ing  load i kg/m condi t ions 
